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The role of the fast Ar atoms, Arions, and metastable Ar atoms in a cylindrical hollow cathode
discharggHCD) is studied based on a self-consistent model. The model comprises submodels based
on the principle of Monte Carlo and fluid simulations. With Monte Carlo models the movement of
the fast electrons, fast Ar atoms, and fast"Aons as particles is described, while with the fluid
models, the slow electrons, ions, and metastable atoms are treated as a continuum. Typical results
are, among others, the fast atom, fast ion, and fast electron excitation and ionization rates, the
electron, ion, and metastable atom densities and fluxes, the energy distribution function of the fast
atoms, fast ions, and fast electrons, and the electric field and potential distribution. Also the relative
importance of different processes determining the metastable density in an Ar HCD is analyzed, as
well as the influence of the fast atoms and fast ions on the discharge properti@Q03American
Institute of Physics.[DOI: 10.1063/1.1594276

I. INTRODUCTION combined with a phenomenological methodscous drag
fluid mode) was used to described rf discharges. In transport
Hollow cathode discharge#iCD) are extensively used models it is assumed that the particle energy is in hydrody-
in laser technologies? spectroscopic analys?$,and plasma  namic equilibrium with the local field® However, when us-
processing (ion etching, thin film deposition, surface jng such a model in the CDS, the electron energy distribution
treatment™® Many of these applications are based on theof the fast electrons, which are responsible for most of the
sputtering of the cathode material by high-energy ions angpnjzation collisions, is not correctly calculated, and conse-
atoms. In HCDs, the loss of energetic particles the an-  quently the calculated electron collisions rates are not very
odgs) and to the wallsis considerably reduced due to itS ygjiable. With Monte Carlo modeldIC)***5the microscopic
geometric configuratioh® Hence most of the energy of the nature of a collision can be considered. The particles are
fast particles is spent inside the discharge, i.e., for the profg|iowed one after another and the collision rates are calcu-
duction of new electron—ion pairs, excitation collisions, |ated hased on the energy-dependent cross sections. Hence a
charge transfer collisions, etc. This makes the HCD a veryqrect energy distribution function for the energetic particles
efficient and useful discharge to obtain high rates of sputteragn pe calculated. However, a MC model is not self-
ing. In this article we will focus on the study of the ions and ¢onsijstent because the electric field is not calculated in the
fast atoms, due to the importance of these species for thﬁ’lodel, but needs to be given as input. In Ref. 16 a MC
sputtering of the cathode material. Moreover, we will alsomqge| was used to calculate energy and angular distributions
describe the behavior of the metastable atoms. of He and Ar ions in the CDS considering symmetric charge
A very important step in the study of the role of ions andyansfer and elastic collisions. With the particle-in-cell-
atoms in glow dischargelsD) was achieved by the experi- \jonte Carlo(PIC-MC) method!” the problem can be solved
mental and theoretical work of Davis and Vandersfieeio self-consistently. The collision rates are calculated based on
pointed out the relevance of symmetric charge transfer colliz}, energy-dependent cross section, and the particle energy is
sions in determining the ion and atom energy distribution .5 0 jated from the electric field, which is obtained self-
the cathode dark spa¢€DS). Since then, different theoret- o, sistently from Poisson’s equation using the charged spe-
ical and computational approaches have been developed {faq gensities. This method is very time-consuming because
order to study more precisely other processes, which are 1ey 1546 number of particles should be followed for statisti-
sponsible for determining the energy distribution, fluxes,aiy valid results. Another way of solving the problem self-
densities, etc. of theses species in GDs. For example, a th@()nsistently is the so-called hybrid mod&t e.g., a MC
oretical approach was followed in Ref. 10, where analyticalmode| combined with a fluid modél.e., a transport model,
formulas for the energy distribution function of ions and neu-, hare the Poisson equation is solved together with the con-

trals in the CDS were derived based on the model of DaV'?inuity and flux equations for ions and electraf&?! Such a

and Vanderlice. In Ref. 11, this model was extended, using, i model combines the advantages of both methods and
the transport formalism, to account for electron impact ion-;” ;¢ considerably faster than a PIC-MC mod®IHybrid
ization collisions in the CDS. In Ref. 12 a transport modely,qqe|s for describing the role of fast ions, neutrals, and elec-
trons were applied to GDs with planar cathode in hydrégen
dElectronic mail: baguer@uia.ua.ac.be and argorf*?° respectively. In the present article we will
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apply a similar approach as in Ref. 24 to a cylindrical HCDB. Monte Carlo model for the fast electrons
in Ar to obtain the energy distribution of ions and fast atoms
arriving at the cathode walls. These distributions will be use
in a future work to calculate the density of the sputtere
species, i.e., the sputtered atoms and ions from the cathod& Electron impact excitation and ionization from the Ar
material. metastable levels have been added as collision processes.
(2) Electron impact excitation from the ground state to the
metastable levels was explicitly considered. All cross
sections of these collisions were taken from Refs. 29—

This model is, in general, the same as described in Ref.
8, but the following modifications have been made.

31.
Il. DESCRIPTION OF THE MODELS (3) Besides the new cascade electrons created by electron
A. Assumptions of the model impact ionization also the electrons created by atom and

The discharge gas was assumed to be argon at room ion impact ionization and metastable—metastable ioniza-

temperature and uniformly distributed throughout the dis- tion coII|.s.|ons(see_belov)/were followed. .
charge, i.e., the thermal motion of the gas atoms is neglecte((f.D The position at which the secondary electrons are ejectgd
The other species considered in the model are singly charged Ir_c:)mt_the cﬁﬂode V\t/allts \l/)vlas de;ce_rmllrlled batseflhon thl? dis-
positive ions (AF), metastable Ar atoms, fast and slow elec- ribution ot the metastable and lon fluxes to the walls.
trons, and fast Ar atoms (Ar. The Ar; atoms are formed by

elastic collisions of Af ions with the background gas and C. Monte Carlo model for the fast ions

are assumed to have energies higher than 1 eV. The electrons The MC simulation of the ions is done in a similar fash-

are split up in two group§ the fast electrons, with high i, o< for the electrons, but the ions are followed only as fast
enough energy to cause inelastic collisions, and the Slovﬁarticles inside the CDS. The ions start at the CDS-NG

electrons, which do not have enough energy. The energy,nqary or within the CDS, with an assumed initial energy
threshold for considering electrons as fast particles was 1.8 0.05 eV and a velocity direction parallel to the electric

eV, which corresponds to the excitation energy from theqe)q 15 For the ions starting at the CDS—NG interface the
metastable levels. The fact that we consider a fraction of th?nitial position is determined from the radial and axial ion

Ar atoms as fast particles does not contradict the assumptigg),, diffusing from the NG to the CDS, as calculated in the
that the gas is uniformly distributed throughout the dis'charged particle fluid modekee below. As a result of the

charge, because the fast Ar atom density is much lower thagyeon impact ionization and metastable—metastable ioniza-
the density of the discharge g&sThe two metastable levels ;o collisions, also some ions are created inside the CDS.

3 3 i :
of Ar, °P3, and”Po, which are lying at 11.55 and 11.72 &V 1y, jpjtiq| position of these ions is obtained from the corre-

above the ground state, respectively, have been Combln%f)onding ionization ratealculated in the fast electron MC

into one collective level, lying at 115? VThis assump- |1 el and in the fluid model for metastable atoms, respec-
tion was made based on the fac%that ﬁ’@lzlsvel Was Con- +yely). Also the new ions created as a result of ion or fast
siderably less populated than the, level’ and for our atom impact ionization are followed.

purpose only the total metastable density is important. During each time-step the trajectory of the ions is calcu-
The hybrid model pregented here is a comblnatlon Oﬁated with Newton’s laws:
two methods: MC and fluid. The MC method is used to
describe the motion of the fast particles, i.e., the ions in the
CDS, and the fast electrons and fast atoms in the entire dis-
charge. The fluid model treats the ions and metastable Ar
atoms in the entire discharge, while the slow electrons aravhereE is the electric fieldmis the Ar atomic masg is the
only treated in the negative glofiNG). Note that the slow particle chargeAt is the time interval, andg, vy andr, v
electrons are only present in the NG, because in the CD8&re the position and velocity vectors before and afi¢y
they gain additional energy from the electric field so thatrespectively.
they become fast again. Due to the low degree of ionization  The probability of collision during the time stept is
of the discharge ga%?*?8the collision processes incorpo- calculated by:P=1—exg—Asn,o(¢)], whereAs is the
rated in the MC models are concerned only with the interacdistance traveled by the ion with energyluring the interval
tion of the fast species with the background gas, i.e., thé\t, n,, is the density of the Ar atoms in the ground state, and
movement of the ions and electrons can be considered index(¢) is the total Af scattering cross section. The cross
pendent from each other and treated separately in corresections for elastic collisiongincluding symmetric charge
sponding MC code$’ The collision processes considered in transfey are taken from Ref. 32, whereas the cross sections
this work are for the fast electrons: elastic collisions, excitafor ion impact ionization and for excitation to the metastable
tion, and ionization from the ground and metastable statdevels were adapted from Ref. 33. The calculated collision
For the ions: elastic collision@ncluding symmetric charge probability is compared with a random numben), uni-
transfej, excitation to the metastable state, and ionizationformly distributed in the interval between O and 1.rif
from the ground state are taken into account. Finally, for the<P, a collision occurs. To determine the kind of collision a
fast atoms: elastic collisions, excitation to the metastablesecondn is generated and compared with the relative prob-
state, and ionization from the ground state are considered. ability of each collision. Due to the lack of information about

r=r +vAt+£At2 v=v+ﬁAt (1)
orro 2m~ " 'm~"
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differential angular scattering cross sections, we have ad3. Monte Carlo model for the fast atoms

sumeg the elastic scattering as isotropic in the .cent.er.of This subprogram handles the atoms formed from elastic
mas$? and we have neglected the angular scattering in INTincluding charge transfecollisions from the Af ions, and
elastic collisions. The latter assumpti@re., conservation of \hich have energies above 1 eV. Atoms with energy below 1
velocity direction after ion impact ionization and excitation eV are assumed to belong to the thermalized group. The
will have almost no influence on the mean energy of the ionsieutral atoms are not directed to the cathode walls because
and atoms. Indeed, the energy is primarily determined by théhey do not feel the electric field, and hence they are fol-
elastic (including charge transfercollisions, due to their lowed in the entire discharge. Their trajectory is calculated
higher cross section at the energy range of interest Yiére. also by the set of equationd) (see abovg but the term
After each collision, the new ion energy and velocity direc-including the elec_tric field d.is.appears. For determining the
tion are calculated depending on the type of collision. occurrence and kind of collisions and also the energy and
velocity direction after collisions, the same assumptions as
(@ Elastic collision: In this model the elastic differential for the ions were made. The collision processes considered
scattering cross section in the center of mass idere are elastic collision, atom impact ionization, as well as
approximatetf by the sum of two component$i) a  excitation from the ground state to the metastable levels. The
backward(or 1809 scattering component an@) an  corresponding cross sections for elastic and ionization colli-
isotropic component. sions were taken from Refs. 32 and 33, respectively. For the
(i) The backward scattering component of elastic scatdtom impact excitation, we have not found any set of cross
tering and a coldor stationary atom results in a slow sections .an(.j we have assymed it to be equal to the ion im-
ion and a fast atom. The new ion starts at rest and thQaCF -ex0|tat|on cross section to_ th? metastable Stalie
L o positions of the new-formed particlé®sns and electrons as a
initial velocity direction is assumed to be parallel to the X o
- . result of atom impact ionization and fast atoms as a result of
electric field. The new create_d fast atF’m is assumed t%tom elastic collisionsare stored in an array and later treated
have the energy and velocity direction equal t0 thejy ihe corresponding codes. The fast atoms are followed until
original ior and it will be followed in the MC model they reach the cathode or anode walls, where they can be
for fast atoms(see below. At high collision energies, implanted or reflected or until their energy drops below 1 eV.
this backward scattered component is equal to the
charge transfer cross section. At low energies this com- _
ponent becomes very small as the elastic scattering bé= Fluid model for the metastable atoms
comes more isotropic. The behavior of the metastable atoms is described by a
(i) Based on the assumption of isotropic scattering incontinuity and a transport equation, in which the flux is only
the center-of-mass frame, the pojarand azimutal¢  determined by diffusioR®3**®The different production and
angles of scattering with respect to the incident ionloss processes considered in the model are summarized in
velocity direction are calculated as followsy  Table l.

=0.5arccos(+2m), ¢=2mrn. From these angles the Taking into account the production and loss processes
new velocity angles are found by transformation of theSUmmarized in Table | the Ar metastable atoms are described

coordinate frame of reference. The ion energyEis with the following balance equation:

=E;,[1—(siny)?], whereE;, is the incident ion en-  dnpm ’ . .
ergy. If the transferred energy to the background atomT_DArmv Nam= Sprod™ Stoss: ~ CONtINUIty equation,
is higher than the threshold energy, i.&;,(sinx)? 2
>1eV, the atom is considered as a fast particle and

hence followed in the MC code for fast atontsee  Where

below). Sprod: Se,excT Sar+ exct Sarf,excT KredleNar+

(b) Excitation collision: No change in velocity direction is )
assumed and the energy after the collision is calculated Stoss™ Se,ionm ™ Se,exem T KaudlarmNe + 2Kimel Nam]
as:E=Ejy— Eexc. +Kagnarmnar + Kagnaml nAr]z-

(c) lonization collision: It is assumed that the energy is
shared equally between the projectile and the ne
formed ion, so thaE=(E;,;— E;,n)/2. Further, like for
the excitation collision, no change in velocity direction

is assumed. The newly created ion is followed also in
this MC model. F. Fluid model for the ions and slow electrons

This procedure of following the ions with Newton’s The description of this model is already given in Ref. 28.
laws and describing their collisions with cross sectionsHere we should only point out that because other ionization
andrn is repeated until the ions collide at the cathodecollisions were addetsee above the production of charged
walls or at the anode, where they are neutralized angarticles was enhanced and consequently, the source terms of
disappear from the calculations. the continuity equations include all of these processes.

Equation (2) is discretized and solved with the Thomas
V\élgorithnf‘z assuming as boundary condition,,m=0 (the
same at anodes and cathnde
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TABLE I. Production and loss processes considered in the fluid model for metastable Ar atoms.

Production processes Rates or rates coefficients

Ar+e; — Ar™+e; electron-impact excitation Se.exc [Calculated in MCe]
Ar+Art — Arm+Art ion-impact excitation Sar+ exc [Calculated in MC-AY]
Ar+Arf — Arm+ Arf atom-impact excitation Sart exc [Calculated in MC-Af]

Arf+e— Ar™+hy radiative recombination Kee=1x10 MemPs 12

Loss processes

Arm+e; — Art +2e; electron-impact ionization Se.ionm [Calculated in MCe]
Ar+e; — Ar* +e electron impact excitation to Se.exem [Calculated in MCe]
higher energy levels
ArM+Ar™ — Art 4+ Ar+ ey metastable—metastable collision Kme=6.4X 10" cmP s71P
ArM+e — Arf +e electron quenching Kque=2X 1077 cm® 5™ %€
Ar™+Ar — Ar+Ar two-body collision kop=2.3x10 ®cm?s
Ar™+2Ar — Ar} +Ar three-body collision k3p=1.4x10 **cmPs 1d
Diffusion to the walls, followed by deexcitation at the walls Dam=54cnfs 1©

@Taken from Ref. 38.
PTaken from Ref. 37.
‘Taken from Ref. 39.
4Taken from Ref. 40.
€Taken from Ref. 41.

G. Coupling of the submodels stable induced secondary electron emission coefficients are
Lo 3 ex i
First the MC model for the AF ions and fast Ar atoms similar*® the electron flux at the cathodd®) is calculated as

+ m, .
(MC-Ar* —Ar,) is run. As input this subprogram requires the 3°= ¥(3*" "’JArJr)- Output of the MCe model used as in-
number of ions created inside the CDS, and the ions startingut in the MC-Ar —Ar; model is the electron ionization rate,
at the CDS-NG interface, as well as the electric field distri-Which gives the number of ions created by electron impact

bution in the CDS. They were taken from a previous run, foronization. Output of the MG model used for the meta-
the same Conditionsy where on|y fast electron impact ionizastable model are the prOdUCtlon rate of the metastable atoms

tion was consideretf This model yields, among others: the due to electron impact excitation from the ground as well as
fast ion and fast atom impact ionization rat@gving the  the loss rates due to electron impact excitation and ionization
position for the newly created electron to be followed in theffom the metastable level. Output of the MCmodel used
MC model for fast electrons, M@), the ion and fast atom @S inputin the fluid model includes thecoefficient, used to
impact excitation rates to the metastable levetd as input ~ calculate the electron component of the total current at the
in the metastable fluid model, giving the creation rate ofcathode and the ion and slow electron creation rates.
metastablés and the ions and fast atom energy distributions. ~ Next the fluid model is run with the above source terms.
Second, the fluid model for the metastable atoms is runit Yields the ion and electron densities, the axial and radial
The output of this model includes the density of the meta{on and electron fluxes, and the axial and radial electric field
cathode §~™). These results are both used in the MC- walls and to the CDS—NG interface will be used as input for
model, i.e., to determine the electron impact ionization ang® MC models. The ion and electron densities are used in

e metastable model to calculate certain production and loss

excitation rates from the metastable level, and the secondawt hich i ded f the MC del
electron emission at the cathode due to the flux of metastabf&@'€S: WNICh aré not proviaed from . € . mode S'
The above four models are run iteratively, until conver-

atoms, respectively. Moreover, the metastable fluid model ; . : :
P y ence is reached. The latter is determined by the difference

yields the ionization rate due to metastable—metastable cof! : o .
lisions, which is used in the MC-ArAr, model and in the " the total current to the anode in two successive iterations,

MC-e model to determine the starting position of the nethich should be below 1%. Typically, 3 to 4 iterations were
ions and electrons, respectively carried out before convergence was reached.

Third, the MC-e model is calculated. All the new elec-
trons created by fast ion, fast atom, and metastable ionizatioly- RESULTS AND DISCUSSION
collisions are followed. For the first iteration, the electric The models were applied to a HCD, consisting of a cy-
field and the ion flux to the cathode waIISA(+) were taken lindrical cathode closed at one end and a disk anode at the
from previous calculations for the same conditiéhdhe  other end, separated by 0.2 dsee Fig. 1 of Ref. 28 The
secondary electron emission coefficién) is calculated in  discharge conditions assumed in the model were taken from
the same way as described in Ref. 28. However, because tlegperiment, i.e., the gas pressure was varied from 0.3 to 1.0
contribution of the ions, fast atoms, and metastable atoms tdorr, the discharge current ranged from 1 to 10 mA, and a
the formation of ion—electron pairs is explicitly calculated in discharge voltage between 240 and 300 V was applied to the
this work, y represents here the total ion induced secondargathode whereas the anode was grounded. The gas tempera-
electron emission coefficient. Assuming that ion and metature was assumed to be 300 K.
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pact ionization has a dominant contribution to the total ion-
ization.

In previous work, it was already demonstrated that the
ionization collisions inside the CDS were important, even at

a) 1.5x10% s 8 . S e
. high current$® In this work, where some more ionization
T ) | B 1x1013 sources are included, the importance of ionization in the
A ? CDS is even more pronounced because these additional pro-
= /| 4 5x10 cesses are most important inside the CDS. In spite of the fact
J that integrated over the total discharge volume these pro-
1x10m cesses contribute only for 3% to the total ionization, their
b) influence in the discharge is larger than that, as will be
5x1015 shown below. Indeed, most ion—electron pairs are created,
_ v 31015 due to these processes, inside the CDS; hence these addi-
= ' X tional ions and electrons can gain energy from the electric
= 1x10% field and contribute also to the enhancement of the total ion-
1x1014 ization. This enhancement can be observed if we compare
0 05 1 15 2 25 3 | 5 Figs. 1c) and Xd). Figure 1c) shows the total ionization
c) z [cm] ~ 1x10 rate profile when only electron impact ionization was consid-
ered, whereas Fig.(d) presents the total ionization rate,
8x1016 when also the ionization by heavy particles was included. In
6x1016 Fig. 1(c) the total ionization rate was less than 5
X 10%cm 357! close to the cathode walls, whereas in Fig.
4x1018 1(d) it was higher than this value close to the cathode walls
2x1018 (see the contour line corresponding to this valldoreover,
z[cm] | 5x1015 in Fig. 1(d) the rate profile is a bit higher in magnitude and

d) more uniform throughout the entire length of the HCD than
in Fig. 1(c). A direct measure of this enhancement in ioniza-

0.5 = — 8x1016 tion rate can also be obtained from the electron multiplica-
= f _5_1 16 tion coefficient, i.e., the number of electrons created in the
= . i 6x10 discharge per electron ejected from the cathode due to ion

a he = . _f--—j' _ 4x1018 and metastable induced secondary electron emission. We cal-

005 1 15 2 25 3 |2x1016 culated a rise in electron multiplication coefficient, from 28,
z [cm] 5x1015 when only electron impact ionization was considered, to 42

when all other ionization processes were included as well.

. . o . .
FIG. 1. Calculated two-dimensional ionization rate profiles throughout theThls represents an increase of 33% for the d|scharge condi

discharge at a pressure of 0.3 Torr and a current of 9.2 mA, as a result dfons of Fig. 1 o
metastable—metastable atom collisi¢as ion and fast atom impact ioniza- Electron impact ionization of Ar atoms was found to be

tion (b); e"?g”on im?a;t ionizatig’:rv] Ci"ctu'la}teq Wthe“ Ofl'y e'eCt_LO”_CO”iSiionsthe dominant process of electron production for all the con-
on,lon. faststom. and metastable. metastabe fonizaton colighrre . 0itions investigated here. The relative contribution of the ad-
hollow cathode is represented by the thick black lines frem0 cm z  ditional ionization processes to the total ionization in the
=3 cm, whereas the anode ring is locate¢zat3.2 cm. discharge increases with decreasing pressure, as can be seen
from Fig. 2a). For example, at a discharge current of 9 mA
and at 1 Torr pressure, it represents 0.6% of the total ioniza-
To study the contribution of the various processes to thdion rate, increasing to 3% at 0.3 Torr. With decreasing pres-
total ionization rate, Fig. 1 presents the calculated ionizatiorsure at constant current, the CDS length increases; hence the
rate profiles at 0.3 Torr and 9.2 mA. This condition is aionization inside the CDS increases. Moreover, the discharge
representative example for all the discharge conditions invesroltage increases also. The higher discharge voltage results
tigated here. Note that the thick black lines in this figure andn higher Ar" ion and Ar atom energies and consequently in
in all following contour plots represent the cathode walls. more efficient ion and atom impact ionization because the
The maximum in the ionization rate due to the ionization cross sections increase with rising energy, in the
metastable—metastable collisioffsig. 1(a)] is observed in energy range of interest hetéAt constant pressure, the con-
the center of the CDS and it is three orders of magnitude lessibution of these processes gains in importance at currents
than the maximum rate due to atom and ion impact ionizafor which the ionization inside the CDS is predomirfarit
tion collisions[Fig. 1(b)], which take place only very close (i.e., low currents, corresponding to the step gradient of the
to the cathode walls. Integrated over the total discharge volvoltage-current dependencand also at high currentgA
ume, metastable—metastable ionization represents onlyigher discharge current at constant pressure arises from
0.04% of the total ionization, followed by 0.16% due to ion higher voltage.
impact ionization and 2.8% due to fast atom impact ioniza-  The influence of these new sources of ionization on the
tion at the conditions under study here. Hence electron imeurrent—voltage characteristic of the discharge is small. The
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FIG. 2. (a) Calculated relative contributiofin percen} to the total ioniza-
tion rate due to the ionization collisions of Arions, fast Ar atoms, and
metastable Ar atomé.e., the additional ionization rate§%9) for all the
discharge conditions investigated hefie. Calculated rise of the total dis-
charge curren(in percent due to the additional ionization processes.

total rise in discharge current due to the contribution of fast
atom, ion, and metastable ionization collisions is less than
2% for all the conditions investigated here, as can be seen
from Fig. 2b). Indeed, the discharge current is an integrated
value, i.e., it reflects the total amount of ionization, and the
added ionization processes represent only a small fraction of
the total ionization in the discharg€ig. 2(a)]. However, the
additional ionization processes will have more effect on the
calculation of parameters which directly depend on the ion-
ization distribution in the CDS; i.e., the net charge density
distribution in the CDS and consequently the voltage drop in
the CDS, as well as the electric field and the plasma poten-
tial. Indeed, close to the cathode walls, these ionization pro-
cesses determine the total ionization rate prafke Fig. L
Figure 3 illustrates the radial profilgat z=1.6 cm) of
the net charge density, i.e., the Aion density minus the
electron densityFig. 3@)], the ion and electron densities
[Fig. 3(b)], the electric potentidlFig. 3(c)], and the electric

a)

d)

3x10"+
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. 26mA ee-,Ar*,Ar'.Ar'"
ce++52 mAZ:,Ar’,Ar',Ar'"
-—92 mAe;-,Ar’,Ar',Ar'"{'l\ .
——— e- ALY
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FIG. 3. Calculated radial profiles at the discharge cerger](.6 cm) of the
calculated net positive charge densig); ion and electron densitie);
electric potential distributioric); and electric field distributiorid) for dif-
ferent discharge currents at 0.3 Torr. The thick lines represent the results
calculated when considering the ionization due to electron, ion, and fast
atom impact collisions and metastable—metastable atom collisions, while the

ﬁeld [Fig. 3(d)] at a pressure of 0.3 Torr and a current vary-tnin lines correspond to the model where only electron impact ionization
ing from 1.3 to 9.2 mA. Note that=0 corresponds to the was considered.
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FIG. 4. Calculated two-dimensional potential distribution throughout the
discharge at 1.3 mA and 271 V applied voltage at a pressure of 0.3 Torr,
considering the ionization due to electron impact collisit@sand consid-
ering the ionization due to electron, ion, fast atom, and metastable—
metastable collision&).

cylinder axis, whereas=0.5 cm denotes the cathode walls.
The thick lines present the results calculated when ion, fast
atom, metastable, and electron ionization collisions were
considered, whereas the thin lines correspond to the calcula:
tion results when only electron impact ionization was in-
cluded for the same discharge conditions. Figui@ 8hows
that when the additional processes are included, especially a
low current(1.3 and 2.6 mA the net(positive) charge den-
sity increases. This will give rise to an increase in the poten-

tial drop In the CDS. Hence the plasm_a pOtent_lal_beC_OmelglG. 5. Calculated two-dimensional mean energy profiles throughout the
less negative and consequently the radial electric field in th@ischarge at 9.2 mA of fast Arions (a); fast Ar atoms(b), and fast electrons
CDS increases, as can be observed from Figs.&hd 3d), (0 ata pressure of 0.3 Torr.

respectively. At high currents a rise in the ion and electron
density in the NG is observeldee Fig. &)], as a conse-
guence of the rise in electron impact ionization in this region.CDS because they are accelerated away from the cathode.
However, this rise does not influence the electric field be-The mean energy of the ions close to the cathode was found
cause the net space charge does not change. to be lower than the mean energy of the electrons at the
To illustrate the effect of the additional ionization CDS—NG interface because of the efficient energy transfer in
mechanisms in the entire discharge, Fig. 4 shows the twathe ion symmetric charge transfer collisions with the dis-
dimensional(2D) potential distributions for a discharge cur- charge gas aton¥s:> For the conditions under study, the ion
rent of 1.3 mA and an applied voltage 6271 V. Figure 4q) mean energy at its maximum was equal to 60 eV, which
presents the results for the case where only electron impacbrresponds to 20% of the energy associated to the potential
ionization was considered, whereas in Figb)4the other drop in the CDS. With decreasing current, the ion mean en-
ionization collisions were also included. In Fig(a#t the  ergy drops, as is illustrated in Fig. 6. Indeed, a lower current
equipotential curve at the NG—CDS interface corresponds tat constant pressure arises from a lower voltage, which yields
—60 V, giving a potential drop in the CDS 6f211 V. The  a lower energy. Moreover, the ratio of the CDS length to the
plasma potential at the cylinder center was equal to abounean free path of the ions for charge transfer collisidf\
—40 V. In Fig. 4b), on the other hand, the potential is equalincreases, so that the ion energy transfer efficiency to the
to —40 V at the CDS—NG interface, yielding a potential drop neutral gas atoms increasesd consequently the ion mean
in the CDS of—231 V and the plasma potential is abot20  energy decreases. With a rise of pressure at constant current,
V. The CDS length does not change, hence this gives rise td/\ increases considerably; hence the ion mean energy de-
an increase in the electric field in the CDS. creases. This follows clearly when comparing Fi¢p)Gvith
In Fig. 5 the 2D profiles of the mean energy of the fastFig. 6(b) and it explains why at a pressure of 1 Torr the rate
Ar* ions (a), fast Ar atoms(b), and fast electronéc) are  of the ion and atom impact ionization collisions was so low
shown at 9.2 mA, 298 V, and 0.3 Torr. The ions and atomgsee Fig. 2
reach their maximum energy at the cathode walls, whereas The mean energy of the fast Ar atoms is lower than the
the electrons have their maximum energy at the end of thenean energy of the Arions because they are formed from
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FIG. 7. Calculated radial ion current at constant applied voltage for different
z [em] pressure value®) and at constant pressure for four different curréhtsin
the figures are also indicated the position corresponding to the CDS—-NG
FIG. 6. Calculated AY ion and fast Ar atom mean energies at the cathodeinterface(small vertical ling and the ratio of the ion current at the CDS—NG
wall for a current around 1 and 9 mA, and at two different pressures: 0.3nterface to its value at the cathode w@kpressed in percent
Torr (a) and 1 Torr(b). In these figures the solid lines represent the ion mean
energy and the dashed lines correspond to the fast atom mean energy.

electron mean energy decreases dug)tthe decrease of the

the ions as a result of elastincluding symmetric charge applied voltage andi) the increase of the ratio of the CDS
transfej collisions but they are not able to gain additional length to the fast electron energy relaxation length. The latter
energy from the electric fielsee Figs. ) and §. Close to  is determined by the total inelastic collision cross section
the CDS—NG interface the fast atom mean energy increasdmecause the energy exchange in the elastic collisions is
toward the cathode wall, following the pattern of the ion negligible® At 1 Torr the mean energy of the fast electrons
energy, but further inside the CDS, their energy is more uniin the NG was between 5 and 10 eV. Hence this is not
formly distributed than the ion energy, due to the energyenough to ionize the discharge gas. This explains why at 1
broadening effect from the elastic collisiotsThis is clearly — Torr the maximum of all inelastic collisions was found close
illustrated in Fig. %b). The fraction of the maximum fast to the CDS—NG interface, while at 0.3 Torr this maximum
atom mean energy which respect to the energy correspondingas located at the discharge axis.
to the CDS potential drop was found to be independent of the  To investigate which fraction of the total ion flux arrives
discharge current and changes only slightly with pressurerom the NG at the CDS—NG interface, we have plotted in
from 4% at 1 Torr to 5% at 0.3 Torr. In the NG no fast atomsFig. 7 the radial ion current at different pressures for a con-
were found. stant applied voltagéa), and at different currents for a con-

In Fig. 5c) we see that the mean energy of the faststant pressuré). In the figures is also indicated the position
electrons at the CDS—NG interface was equal to 180 e\bf the CDS—NG interfacésmall vertical lineg which was
which corresponds to 61% of the cathode fall potential. Withdetermined in our model based on the position where the ion
decreasing current this percentage decreases slightly, for eand electron densities begin to increase and become almost
ample, at 1.3 mA it represents 54% of the cathode fall poequal[see Figs. &) and 3b)]. Furthermore, the ratio of the
tential. In the NG, at 0.3 Torr, the mean electron energy wagon current at the beginning of the CDS to its value at the
calculated to be between 10 and 20 eV, which is higher thacathode wall, expressed in percent is also indicated. At con-
the threshold of inelastic collisions. With rising pressure, thestant voltage, this fraction was found almost independent of
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the pressuréFig. 7(a)]. At constant pressure, this value in-

Baguer, Bogaerts, and Gijbels

a b

creases with rising currefiFig. 7(b)]. Indeed, at higher cur- ) fem3] D o]
rents(i.e., higher voltagethe major increase in the ion cur- 1008
rent occurs in the NG, whereas at lower current, when the

CDS length is larger, the major rise in current takes place 1 Torr = e
inside the CDS. This is in agreement with the efficiency of 1 mA Sj6xl0n
electron multiplication in the CDS and in the NG, as pointed “aaon
out in Ref. 28. In fact the ratio of the total ion flux coming | —
from the NG at the CDS-NG to the total ion flux at the

cathode wall is approximately equal to the ratio of the elec-
tron multiplication coefficient in the NG to the total electron
multiplication coefficient in the discharge.

Concerning the importance of the different processes de-

d)

1.4x101

0

lel(l"

termining the Ar metastable density, it was found that the 120103 —1x108

production was mainly due to electron impact excitation, fol- Torr 101 E —6x104

lowed by fast Ar atom impact excitation. The relative impor- A ouige N

tance of the fast Ar atom impact excitation increases with T 3x1om

rising voltage and with decreasing pressure. For example, at []ixtoe I} e

a current of 9 mA, Ar atom impact excitation was respon- 0

sible for 14% of the production of the metastables at 1 Torr €)

and this value rises until 31% at 0.3 Torr. The increasing role :

of the fast Ar atomgand iong in determining the metastable ” i

population at low pressures is reflected in the metastable 0.3 Torr Ixlon |9 ®

density profile, especially at high currents. Indeed, Fig. 8 1mA 7x10%0 o~ 1o

shows the 2D metastable density profiledt set of figures Gcigs a E 3"10:

and electron impact excitation rates to the metastable level - Bl ™ _Tz;:“

(right set of figurey for four different conditiondi.e., 1 and N . Ny )

0.3 Torr and for each pressure: at 1 and 9)mlAis clear sad | CEN

from this figure that the density profile is similar to the rate 0 - ° 0

profile, for the current of 1 mAat both pressurgssuggest- g) b

ing that electron impact excitation is the dominant process .

for these conditions. On the other hand at the current of 9

mA, especially at 0.3 Torr the density profile does not over- o3 Torr xior pRage

lap with the electron impact excitation rate profile, but it 9ma Sl 2x10

shows a maximum close to the cathode, where fast Ar atom SES6x1010 1x10

and ion impact excitation occur. This result indeed indicates N| lax101 = -

that fast Ar atom(and ion impact excitation plays an in- laxiom

creasing role at high current and low pressure. . [ |x10%
The loss of the metastable atoms is mainly determined — 0

r[cm]

by quenching to the nearby resonant levels due to collision
with slow electrons, as well as by diffusion to the walls and

rfem]

SUbseq_uent deexcitation. The meta_Stable denSity was_ fOUI]QG. 8. Calculated two-dimensional profiles of the metastable defisity

to be in the same order of magnitude as the density Ofet of figuresand the electron impact excitation rate to the metastable levels
charged particles, i.e., in the order of'16m™~3. Hence their ~ (right set of figure at two different pressuréd and 0.3 Torrand for each
role in the ionization of the plasma was found to be negli-Pressure at two different currents and 9 mA.

gible. The absolute value of the metastable Ar density is

almost independent of currefetee Figs. &), 8(c), and &),  jycreases only slightly with increasing current, but the He

8(g)] and decreases slightly with decreasing pres$ge® 1 etastable density was one order of magnitude higher than
Figs. 8a), 8(e) and 8c), 8(g)]. The flux of metastable atoms he He™ jon and electron densities and consequently the role
to the cathode walls was found much lower than the ion flux,¢ metastables in secondary electron emission at the cathode
for all the conditions[see Fig. 9. At 1 Torr, the ratio of  5hq in the jonization of the discharge was rather important.
metastable atom flux to the ion flux at the cathode was 1/4Q1s metastable—metastable ionization collisions were found
[Fig. 9(b)]. This ratio increases until 1/20 at 0.3 T4fig. 5 he responsible for about 20% of the total ionization in the

9(@], but still, it is too low to play a significant role in the o HCD, according to our previous model calculatiéhs.
emission of secondary electrofrs.

' In Re_\f. 47 a similar metastable transport model Was aPy, ~oNCLUSIONS
plied to investigate the He metastable atom behavior in a
HCD at 1 Torr for the same range of currents as in the A hybrid model, based on fluid and Monte Carlo meth-
present work. It was also found that the metastable densitgds, was used to describe the behavior of the electrons, ions,
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electrons increases with decreasing pressure and with rising
current. The Ar metastable, Ar ion, and electron densities
were found to be in the same order of magnitude. The main
production processes determining the metastable density
were found to be electron impact excitation and, with de-
creasing pressure and increasing current, also fast atom im-
pact excitation. As loss sources, electron quenching and dif-
fusion to the walls followed by deexcitation were found to be
most important. The contribution of the metastable atoms to
the formation of charges in the discharge is found to be neg-
ligible for the conditions under study, both as ionization
source as well as in secondary electron emission from the
cathode. This result is markedly different for a He HED.
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